ABSTRACT Accurate and efficient separation of sister chromatids during anaphase is critical for faithful cell division. It has been proposed that cortical dynein-generated pulling forces on astral microtubules contribute to anaphase spindle elongation and chromosome separation. In mammalian cells, however, definitive evidence for the involvement of cortical dynein in chromosome separation is missing. It is believed that dynein is recruited and anchored at the cell cortex during mitosis by the α subunit of heterotrimeric G protein (Gα)/mammalian homologue of Drosophila Partner of Inscuteable/nuclear mitotic apparatus (NuMA) ternary complex. Here we uncover a Gα/LGN-independent lipid-and membrane-binding domain at the C-terminus of NuMA. We show that the membrane binding of NuMA is cell cycle regulated-it is inhibited during prophase and metaphase by cyclin-dependent kinase 1 (CDK1)-mediated phosphorylation and only occurs after anaphase onset when CDK1 activity is downregulated. Further studies indicate that cell cycle-regulated membrane association of NuMA underlies anaphase-specific enhancement of cortical NuMA and dynein. By replacing endogenous NuMA with membrane-binding-deficient NuMA, we can specifically reduce the cortical accumulation of NuMA and dynein during anaphase and demonstrate that cortical NuMA and dynein contribute to efficient chromosome separation in mammalian cells.
INTRODUCTION
Faithful separation of duplicated genetic materials into daughter cells is critical for animal development. It occurs at a specific stage of mitosis known as anaphase. Chromosome separation is driven by microtubules (MTs), which organize into spindle-shaped structure during mitosis (Scholey et al., 2003) . Many studies from different systems reveal that the driving forces for chromosome separation include kinetochore motors, microtubule flux, and interpolar microtubule sliding (Mitchison, 1989; Desai et al., 1998; Maddox et al., 2002 Maddox et al., , 2003 Cleveland et al., 2003; Rogers et al., 2005; Ganem and Compton, 2006; Maiato and Lince-Faria, 2010; Roostalu et al., 2010) . In addition, cortical dynein-mediated pulling forces on astral MTs emanating from the spindle poles have also been proposed to contribute to anaphase spindle elongation and chromosome separation (Dujardin and Vallee, 2002; Maiato and Lince-Faria, 2010; Roostalu et al., 2010) . This is mostly based on laser-mediated microtubule surgery experiments and dynein inhibition in lower organisms such as fungi, Caenorhabditis elegans, and Drosophila (Aist and Berns, 1981; Aist et al., 1991 Aist et al., , 1993 Nicklas, 1989; Waters et al., 1993; Grill et al., 2001 Grill et al., , 2003 Fink et al., 2006; Pecreaux et al., 2006; Nguyen-Ngoc et al., 2007) . In the mammalian system, however, no specific function of cortical dynein in chromosome separation has been found, primarily due to the pleiotropic consequences of dynein inhibition.
The cortical targeting mechanism for dynein was elusive until recently. An evolutionarily conserved α subunit of heterotrimeric G protein (Gα)/mammalian homologue of Drosophila Partner of Inscuteable (LGN)/nuclear mitotic apparatus (NuMA) ternary complex was shown to recruit and anchor dynein at the cell cortex to direct spindle positioning during mitosis (Nguyen-Ngoc et al., 2007; Woodard et al., 2010; Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012; Zheng et al., 2013) . NuMA is a large nuclear protein that contains globular head and tail domains separated by a huge (1500 amino acids [aa] ) coiled-coil domain ( Figure 1A ; Radulescu and Cleveland, 2010) . During mitosis, NuMA translocates to the spindle poles and the cell cortex (Van Ness and LGN1-274 (green, E) and mRFP-NuMA1536-CTδNLS (red, E); or Venus-LGN-1-481 (green, F) and mRFP-NuMA1536-2040δNLS (red, F). Cells were cotransfected with the indicated combinations of plasmids. At 24 h later, cells were fixed and stained with DNA dye (blue). Schematics of expressed fragments are shown underneath (B, C) or on the right (D-F) of the images. Bars, 10 μm. Pettijohn, 1983; Compton and Cleveland, 1993; Du and Macara, 2004) . NuMA can bind to MTs through a Cterminal microtubule-binding domain ( Figure 1A ) and functions to and its membrane association is masked. When LGN-N was coexpressed, it prevented the binding of NuMA to MTs and allowed NuMA-CT to associate with plasma membrane. To test this hypothesis, we partially deleted the microtubule-binding domain of NuMA-CT and expressed it in Cos 7 cells. Indeed, the microtubule-binding and NLS double-deletion mutant of NuMA-CT exhibited membrane distribution in the absence of coexpressed LGN-N (Figure 2A ), indicating that NuMA-CT may contain a membrane-binding domain. Through further deletion and transfection experiments, we identified a small region at the C-terminal of NuMA (aa 1981-2060)-right downstream of the putative NLS-that shows robust plasma membrane localization when expressed in Cos 7 or HeLa cells ( Figure 2B ). We termed this domain the NuMA membrane-binding domain (MBD). Consistent with our cotransfection results ( Figure 1F ), further deletion from the C-terminal of NuMA MBD (deleting aa 2041-2060) abolished its association with the plasma membrane ( Figure 2C ).
NuMA MBD binds to lipids
The membrane binding of NuMA MBD could be direct or indirect. We analyzed the amino acid composition of NuMA MBD and could not find a typical membrane-binding motif; instead, we found that it contains multiple pairs of positively charged lysine or arginine residues ( Figure 3A ). The interaction between polybasic clusters with negatively charged lipids contributes to the membrane association of some proteins (Heo et al., 2006; Su et al., 2011) . We tested whether NuMA MBD binds to lipids by using purified recombinant proteins and a strip lipid-binding assay. As shown in Figure 3 , B and C, although glutathione S-transferase (GST) itself does not bind to any lipid, GST-NuMA1981-2060 showed robust lipid binding, preferentially with phosphorylated forms of phosphatidylinositol (PIPs). Consistent with the inability of VenusNuMA1981-2040 to localize to the plasma membrane, GSTNuMA1981-2040 also failed to bind to any lipid ( Figure 3C ). Given that recombinant NuMA MBD showed robust binding to PIPs, we tested whether PIPs mediate the membrane association of NuMA MBD. Activation of phospholipase C with ionomycin leads to depletion of membrane phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5-bisphosphate (Varnai and Balla, 1998; Hammond et al., 2012) . We treated Venus-NuMA1981-2060-expressing cells with ionomycin and tested its effect on the membrane association of Venus-NuMA1981-2060. Two minutes of ionomycin treatment resulted in significant dissociation of VenusNuMA1981-2060 from the plasma membrane, as revealed by quantitative analysis of fixed cells (Figure 3, D and E) . Live-cell time-lapse analysis also confirmed rapid membrane dissociation of Venus-NuMA1981-2060 upon ionomycin treatment ( Figure 3F and Supplemental Movie S1). These results indicate that the membrane association of the identified NuMA MBD is mediated through its direct binding to PIPs.
The membrane association of NuMA MBD is cell cycle regulated during mitosis NuMA is a nuclear protein (Van Ness and Pettijohn, 1983) . The identified membrane association of NuMA could happen only during mitosis when the nuclear envelope is broken down. We observed mitotic Cos 7 cells expressing Venus-NuMA1981-CT, which contains the membrane-binding domain. Surprisingly, unlike in interphase cells, the expressed protein did not exhibit obvious membrane association in prophase and metaphase cells ( Figure 4A ; similar results were obtained in 100% of cells observed, n > 50). The membrane association of Venus-NuMA 1981-CT, however, was evident when tether the minus ends of MTs at the spindle poles, which is critical for the establishment and maintenance of mammalian spindle poles (Gaglio et al., 1995 (Gaglio et al., , 1996 Merdes et al., 2000; Du et al., 2002; Haren and Merdes, 2002; Silk et al., 2009). LGN is an adaptor protein that can link NuMA and Gα-the N-terminal tetratricopeptide repeats (TPRs) of LGN interact with NuMA and the C-terminal GoLoco motifs of LGN bind to Gα (Mochizuki et al., 1996; Du et al., 2001; Du and Macara, 2004; Blumer et al., 2003; Willard et al., 2008; Zhu et al., 2011) . Thus the cortical targeting of NuMA during mitosis is believed to be mediated through LGN and membranebound Gα (Du and Macara, 2004; Woodard et al., 2010; Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012) . Recently live-cell timelapse analysis of green fluorescent protein (GFP)-dynein revealed that its cortical localization is cell cycle regulated-the cortical accumulation of dynein is significantly enhanced when the cells enter anaphase (Collins et al., 2012) . The underlying mechanism, however, is not clear.
Here we show that NuMA has an intrinsic membrane-targeting mechanism, which is regulated by cyclin-dependent kinase 1 (CDK1)-mediated phosphorylation, underlies anaphase-specific cortical accumulation of dynein and contributes to chromosome separation.
RESULTS

Gα-independent membrane association of LGN-N/NuMA-CT complex
The N-terminus of LGN physically interacts with a small fragment at the C-terminus of NuMA ( Figure 1A ; Du et al., 2001) . When an N-terminal fragment of LGN (LGN1-481, LGN-N) was ectopically expressed in Cos 7 cells, it localized predominantly in the nucleus ( Figure 1B ). On the other hand, a C-terminal fragment of NuMA that contains the LGN-binding domain, the microtubule-binding domain, and a mutation in the putative nuclear localization signal (NLS; NuMA1536-CTδNLS, NuMA-CT; Du and Macara, 2004 ) is distributed mainly in the nucleus (probably due to an additional NLS at the very C-terminal of NuMA; our unpublished data) and on the bundled MTs ( Figure 1C ). Of interest, the distribution of the two proteins was significantly different when they were coexpressed in Cos 7 cells ( Figure 1D ). Both proteins exhibited smooth and even distribution all over the cells, which is reminiscent of the characteristics of the membrane-binding proteins. Similar results were obtained using HeLa and Madin-Darby canine kidney (MDCK) cells, for which the membrane localization of the complex was even more evident (Supplemental Figure S1 ). This was surprising, since LGN1-481 does not contain the Gα-binding GoLoco motifs ( Figure 1A) , and the membrane association of the LGN-N/ NuMA-CT complex should not be mediated through membranebound Gα. To test which part(s) of LGN-N or NuMA-CT is or are required for the membrane association of the complex, we generated a series of shortened LGN-N and NuMA-CT fragments and tested their localization in cotransfected Cos 7 cells. The results indicated that the linker region of LGN is dispensable ( Figure 1E ), whereas the very C-terminus of NuMA (aa 2041-2101) is required ( Figure 1F ).
The C-terminus of NuMA contains a membrane-binding domain
If NuMA is mediating the membrane binding of the LGN-N/NuMA-CT complex, why did not NuMA-CT itself show obvious membrane association? We showed previously that LGN binding could inhibit the association of NuMA with MTs (Du et al., 2002) . It is possible that ectopically expressed NuMA-CT preferentially binds to MTs
The phosphorylation state of T2041 is critical for the membrane association of NuMA MBD What could be preventing the membrane association of NuMA MBD during prophase and metaphase? A clue came from a previous study from the Compton lab showing that when several putative CDK1 phosphorylation sites at the C-terminal of NuMA were mutated, the mutant proteins mislocalized during mitosis (Compton and Luo, 1995) . In particular, when Thr-2041 (T2041, Figure 4B ; originally described as T2040 in the Compton article and as T2055 when another human NuMA cDNA [NP_006176] was used) was mutated to alanine, the mutant protein appeared to localize to the plasma membrane during mitosis (Compton and Luo, 1995) . The underlying mechanism for this altered localization is not known. T2041 locates within the identified NuMA MBD ( Figure 4B ). It was confirmed to be a CDK1 substrate (Blethrow et al., 2008) . CDK1 is a cell cycle-regulated protein kinase-it is active during prophase and metaphase and is inactivated before anaphase initiation (Rhind and Russell, 2012) . It is tempting to speculate that CDK1 phosphorylation of T2041 may inhibit the membrane association of NuMA MBD during prophase and metaphase, and the inhibitory effect is released at the onset of anaphase when CDK1 activity is downregulated. To test this hypothesis, we mutated Thr-2041 to alanine and tested its effect on the membrane binding of NuMA MBD through mitosis. Unlike the wild-type protein, Venus-NuMA1981-CT(T2041A) was observed to localize at the plasma membrane even in prophase and metaphase cells (Figure 4C , left; similar results were obtained in 100% of cells observed, n > 50). Of importance, when Thr-2041 was mutated to glutamic acid, which mimics the phosphorylated state of the residue, the mutant protein (VenusNuMA1981-CT(T2041E)) did not show obvious membrane association even in anaphase cells ( 
CDK1-regulated membrane association of NuMA underlies cell cycle-dependent cortical accumulation of NuMA
Our finding of the cell cycle-regulated membrane-binding domain of NuMA led us to ask whether it contributes to the localization of full-length NuMA. We carefully compared the localization of endogenous NuMA throughout the cell cycle using antibody staining and found that the immunofluorescence intensity of polar cortical NuMA is significantly stronger in anaphase than metaphase cells ( Figure 5 , A and B), suggesting that the cortical localization of NuMA could be cell cycle regulated. To directly monitor the dynamic changes of NuMA localization, we established stable MDCK cell lines expressing low levels of Venus-tagged, full-length human NuMA (VenusNuMA-FL). It is critical to keep the expression of exogenous NuMA at a low level because moderate or high level overexpression of NuMA would result in spindle organization defects and mitotic arrest (Quintyne et al., 2005) . Time-lapse analysis of Venus-NuMAexpressing cells through mitosis captured an obvious enhancement of cortical Venus-NuMA right after the cells entered anaphase ( Figure 5C and Supplemental Movie S2; similar results were obtained cells entered anaphase ( Figure 4A ; similar results were obtained in 100% of cells observed, n > 50), suggesting that the membrane association of NuMA MBD could be cell cycle regulated. LGN appears to be dispensable for anaphase cortical targeting of NuMA Previous studies suggested that cortical targeting of NuMA is mediated through its interaction with LGN and subsequent binding of LGN to membrane-bound Gα; however, most of the work was done in metaphase cells (Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012; Zheng et al., 2013) . Unlike that of NuMA, the intensity of cortical LGN appeared to be unchanged from metaphase to anaphase (Figure 7, A and B) . To determine whether LGN is needed for the observed anaphase cortical accumulation of NuMA, we knocked down LGN in Venus-NuMA-expressing MDCK cells, in which NuMA signal is more robust when detected using our anti-NuMA antibody. In agreement with previous reports, knocking down LGN led to complete depletion of cortical NuMA in metaphase cells ( Figure 7C) . In anaphase cells, however, substantial amounts of NuMA were still observed at the cell cortex, although its intensity appeared to be reduced compared with control short hairpin RNA (shRNA)-transfected cells ( Figure 7C) . We also performed time-lapse analyses of Venus-NuMA in LGN-depleted cells and observed anaphase-specific in 18 of 18 cells), indicating that the cortical accumulation of fulllength NuMA is indeed cell cycle regulated.
Next we tested whether the identified, cell cycle-regulated membrane association of NuMA is responsible for the observed anaphase cortical enhancement of NuMA. We generated stable MDCK cell lines expressing low levels of Venus-NuMA1-2040, which should have impaired membrane association. Live-cell imaging analysis revealed that unlike full-length NuMA, NuMA1-2040 did not show obvious anaphase cortical enhancement ( Figure 6A and Supplemental Movie S3; similar results were obtained in 12 of 12 cells). Similarly, we generated cell lines expressing Venus-Nu-MAT2041E and did not observe cell cycle-regulated membrane accumulation of the mutant protein ( Figure 6B and Supplemental Movie S4; similar results were obtained in 10 of 13 cells). On the contrary, Venus-NuMA-T2041A showed robust and consistent membrane association throughout different stages of mitosis ( Figure 6C and Supplemental Movie S5; similar results were obtained in 15 of 15 cells). These results indicate that the membrane association of NuMA is required for the enhanced anaphase cortical accumulation of NuMA. Of importance, the phosphorylation status of Thr-2041 is a critical determinant for the cortical targeting of fulllength NuMA.
If CDK1 phosphorylation prevents membrane association of NuMA, we should expect that inhibition of CDK1 should lead to membrane accumulation of NuMA. We treated metaphase Membrane association of NuMA is critical for anaphase cortical accumulation of dynein NuMA mediates cortical targeting of cytoplasmic dynein during mitosis (Kotak et al., 2012) . Our finding of cell cycle-regulated cortical enhancement of Venus-NuMA ( Figure 7D and Supplemental Movie S7; similar results were obtained in six of six cells). These results suggest that anaphase cortical targeting of NuMA may not necessarily require LGN. expressing low levels of Venus-tagged NuMA1-2040 that are deficient in membrane association, knocking down endogenous NuMA in these cells would fulfill our purpose. To efficiently knock down endogenous NuMA in MDCK cells, we used the lentivirus-mediated stable knockdown approach. We engineered lentivirus vectors to express H2B-mCherry, as well as control or canine NuMA-specific shRNA, and tested them in control MDCK cells. As shown in Supplemental Figure S2 , transduction of MDCK cells with lentivirus membrane association of NuMA coincides with recently described anaphase enhancement of cortical dynein (Collins et al., 2012) . It is possible that LGN-independent membrane association of NuMA during anaphase underlies enhanced cortical accumulation of dynein. We reasoned that if we could replace endogenous NuMA with a mutant NuMA that cannot associate with plasma membrane, a reduction of cortical dynein during anaphase would support our hypothesis. Given that we established stable MDCK cell lines LGN-specific shRNA (bottom). At 72 h later, cells were either fixed and stained with anti-NuMA antibody (green) and DNA dye (blue; C) or subjected to time-lapse analysis (D) as described in Figure 5C . Bars, 10 μm. down (NEB) throughout mitosis indicated that there is no delay of chromosome alignment or anaphase initiation in Venus-NuMA1-2040-rescuing cells compared with control cells (time spent from NEB to anaphase onset: control cells, 34.6 ± 2.1 min, n = 8; endogenous NuMA-depleted, Venus-NuMA1-2040-expressing cells, 34.4 ± 2.8 min, n = 8). Taking the results together, we conclude that cell cycle-regulated, NuMA-mediated cortical accumulation of dynein contributes to efficient anaphase chromosome segregation.
DISCUSSION
Cortical dynein has been proposed to contribute to anaphase spindle elongation and chromosome segregation by exerting pulling forces on astral MTs (Dujardin and Vallee, 2002; Maiato and LinceFaria, 2010; Roostalu et al., 2010) . Elegant in vitro reconstitution analyses demonstrated that artificially "anchored" dynein can indeed exert forces on astral MTs by modulating microtubule dynamics (Hendricks et al., 2012; Laan et al., 2012) . As the major microtubulebased, minus ends-directed motor protein, dynein plays multiple roles during mitosis. It functions not only at the cell cortex, but also at kinetochores and spindle poles (Kardon and Vale, 2009 ). In mammalian cells, global inhibition of dynein function leads to early-stage mitotic defects, which makes it difficult to dissect the specific contribution of cortical dynein during anaphase. Understanding the detailed cortical targeting mechanisms for dynein will help us to elucidate the specific function of dynein at the cell cortex.
How is dynein anchored at the cell cortex? Recent studies suggest that dynein is recruited and anchored at the cell cortex by the Gα/LGN/NuMA ternary complex (Kiyomitsu and Cheeseman, 2012; Kotak et al., 2012; Zheng et al., 2013) . This Gα-mediated membrane-anchoring mechanism is plausible and has been proven to be important in regulating metaphase spindle positioning in multiple systems (Morin and Bellaiche, 2011; McNally, 2013) . In addition, cortical actin filaments help to maintain dynein at the cell cortex (Zheng et al., 2013) . Of interest, the cortical localization of dynein appears to be cell cycle regulated. Concomitant with its potential role in chromosome separation, a significant rise of cortical dynein at anaphase onset was observed (Collins et al., 2012) . What underlies the cell cyclexregulated cortical accumulation of dynein is not clear. We have now shown that it is mediated by NuMA, which has an intrinsic, cell cycle-regulated membrane-binding domain. The direct membrane binding of NuMA provides another interesting cell cycle-regulated cortical anchoring mechanism for dynein. The understanding of such a mechanism allowed us to design experiments to specifically reduce the cortical localization of NuMA and dynein during anaphase without compromising their functions at kinetochores and spindle poles and demonstrate that cortical NuMA and dynein are indeed required for efficient chromosome separation.
It is interesting to observe that when the isolated NuMA-CT was expressed alone, it localized predominantly to bundled MTs and did not show obvious membrane association. Only when LGN-N was coexpressed did the LGN-N/NuMA-CT complex localize to the plasma membrane (Figure 1) , suggesting that inhibition of the microtubule binding of NuMA by LGN is required for the membrane association of NuMA-CT. However, in LGN-knockdown cells, substantial amounts of NuMA could be detected at the cell cortex of anaphase cells (Figure 7) , indicating that the anaphase cortical localization of NuMA is at least partially independent of LGN. This is consistent with the fact that unlike NuMA, the cortical localization of LGN is not cell cycle regulated (Figure 7) . We hypothesize that during mitosis, there is a small amount of NuMA that is not associated with either LGN or MTs, and it is this pool of NuMA that undergoes cell cycle-regulated membrane association. expressing shRNA against NuMA led to efficient knockdown of endogenous NuMA. Virus-transduced cells exhibited typical NuMA loss-of-function phenotypes, including chromosome alignment defects during mitosis (Supplemental Figure S2 , bottom and second from bottom, arrows) and formation of multiple micronuclei in postmitotic cells Du and Macara, 2004; Haren et al., 2009; Supplemental Figure S2 , bottom and second from bottom, arrowheads). Similar results were observed when two different shRNAs against distinct regions of canine NuMA were stably expressed (unpublished data). Previous studies of NuMA function indicated that NuMA is critical for mitotic spindle organization. It functions to tether the minus ends of spindle MTs at the spindle poles Compton and Cleveland, 1993) . Indeed, stable knockdown of NuMA in MDCK cells led to severe spindle organization defects-the spindle MTs appeared to be less compact and failed to be focused properly at the centrosomes ( Figure 8A , second from top). Of interest, such defects were not observed when the same virus was used to transduce MDCK cells expressing low levels of shRNA-resistant Venus-NuMA-FL or Venus-NuMA1-2040 ( Figure 8A , bottom and next to bottom), suggesting that they could rescue the function of endogenous NuMA in organizing the mitotic spindles. Consistent with the role of NuMA in cortical targeting of dynein, knocking down NuMA in control cells resulted in complete loss of cortical dynactin subunit P150
Glued and dynein heavy chain (DYNC1H1) in a few cells that eventually entered anaphase (Figure 8 , B and C, and Supplemental Figure S3, A and B) . In Venus-NuMA-FLexpressing cells, depletion of endogenous NuMA did not reduce the cortical accumulation of P150 Glued and DYNC1H1 during anaphase (Figure 8 , B and C, and Supplemental Figure S3, A and B) . Knocking down endogenous NuMA in Venus-NuMA1-2040-expressing cells, however, led to significant reduction of cortical P150
Glued as well as DYNC1H1 during anaphase (Figure 8 , B and C, and Supplemental Figure S3 , A and B). Of importance, the effect is specific to cortically localized dynein, since spindle pole accumulation of DYNC1H1 was completely rescued in Venus-NuMA-FL-and Venus-NuMA1-2040-expressing metaphase and anaphase cells (Supplemental Figure S3C) . These results suggest that membrane binding of NuMA is critical for anaphase cortical accumulation of dynein/dynactin.
NuMA-mediated cortical accumulation of dynein contributes to anaphase chromosome separation
Cortical dynein has been proposed to function in generating pulling forces on astral MTs and contributes to anaphase chromosome segregation (Roostalu et al., 2010) . However, direct evidence for the specific involvement of cortical dynein in mammalian cells is missing. By replacing endogenous NuMA with a membrane-binding-impaired NuMA, we can now specifically eliminate anaphase cortical accumulation of dynein while maintaining dynein function in other cellular compartments. Time-lapse analyses of chromosome segregation were performed in control MDCK cells and endogenous NuMA-depleted, Venus-NuMA-FL-or Venus-NuMA1-2040-expressing cells. Quantitative analysis indicated that the chromosome segregation speed was substantially reduced in endogenous NuMA-depleted, Venus-NuMA1-2040-expressing cells ( Figure 8D) . It is still possible, however, that the observed slower chromosome separation in Venus-NuMA1-2040-expressing cells is not due to reduced cortical localization of NuMA; instead, it is caused by alteration of astral MTs or incomplete rescue of chromosome alignment defects. We did not observe obvious reduction or shortening of astral MTs in endogenous NuMA-depleted, VenusNuMA1-2040-expressing cells ( Figure 8A, bottom) . Of importance, careful time-lapse analyses from nuclear envelope break-protein 4.1-binding domain lies ∼200 aa from the NuMA MBD. The fact that the isolated NuMA MBD shows robust membrane association suggests that the membrane binding of NuMA is
Recently an LGN-independent cortical targeting mechanism for NuMA and dynein was attributed to the interaction between NuMA and protein 4.1 (Kiyomitsu and Cheeseman, 2013 ). The Cells were electroporated with mammalian expression vectors using Amaxa Nucleofection device (Lonza, Basel, Switzerland) following the manufacturer's instructions.
Stable Tet-off inducible MDCK cell lines were generated as previously described (Du et al., 2001) . Briefly, an enhanced yellow fluorescent protein (Venus) was cloned into pTRE2Hyg vector (Clontech, Mountain View, CA). cDNAs encoding human NuMA-FL (aa 1-2101) and NuMA1-2040 were inserted downstream of and in-frame with Venus, respectively. Again, the T2041A and T2041E mutant fulllength NuMAs were generated by site-directed mutagenesis. These plasmids were transfected into MDCK T23 cells, which express the tetracycline-repressible transactivator. Cells were passaged 24 h posttransfection onto P-100 plates in medium containing 200 μg/ml hygromycin B (Mediatech, Manassas, VA) and 20 ng/ml doxycycline (ThermoFisher, Waltham, MA). After selection for 7-10 d, individual colonies were isolated using cloning rings (ThermoFisher), and the expression of Venus-fusion proteins was assessed by immunofluorescence microscopy and Western blotting after removal of doxycycline.
Lentivirus-mediated stable knockdown
The GFP coding sequence from pLV-mU6-EF1-GFP (Biosettia) vector was replaced with H2B-mCherry to generate pLV-mU6-EF1-H2B-mCherry. Lentivirus-mediated stable knockdown of NuMA in MDCK cells was carried out as previously described (Zheng et al., 2010; Wan et al., 2012) . Briefly, long oligos containing control and target sequences were cloned downstream of the U6 promoter in pLVmU6-EF1-H2B-mCherry to generate specific shRNA vectors. Once sequence was verified and knockdown efficiency tested by transient transfection, the shRNA vectors were cotransfected with the lentiviral packaging mix (Invitrogen) into HEK293FT cells, and the pseudovirus containing supernatant was collected 48 h posttransfection. Virus supernatant was used to infect MDCK cells cultured in 12-well plates. At 24 h after infection, the cells were passaged onto P-100 plates, and transduced clones (based on virus-mediated expression of H2B-mCherry) were marked and isolated using cloning rings 1 wk later. The knockdown efficiency was analyzed by Western blot and immunostaining. Target sequences for canine NuMA were 5′-GCTTTCAG-CATCCTCAATACA-3′ and 5′-GCTTGCGGATGAGA GAAATAA-3′.
Immunofluorescence microscopy
Cells were grown on polylysine-coated coverglass and fixed using either 4% paraformaldehyde (PFA) or 4% PFA/0.25% Triton X-100 in phosphate-buffered saline (PBS) as indicated. Fixed cells were blocked with 1% bovine serum albumin (BSA)/10% normal goat serum in PBS for 1 h and incubated in primary antibodies for 1 h at room temperature or overnight at 4°C. Cells were then washed and incubated for 1 h with the DNA dye Hoechst 33342 and secondary antibodies coupled with Alexa 488 or Alexa 594 (Invitrogen). A SlowFade Gold AntiFade kit (Invitrogen) was used to reduce photobleaching. Cells were imaged using either a 60×/numerical aperture (NA) 1.2 oil-immersion objective on a Nikon TE2000 inverted microscope (Nikon Instruments, Melville, NY) or a 63×/NA 1.4 objective on a Zeiss 510 LSM confocal microscope (Carl Zeiss, Oberkochen, Germany).
Lipid-binding assay
We expressed GST, GST-NuMA1981-2040 , and GST-NuMA1981-2060 in Escherichia coli (BL21DE3) and purified them using Glutathione Sepharose 4 Fast Flow beads (GE Healthcare, Piscataway, NJ) as described (Du et al., 2001) .
For lipid-binding assays, membrane lipid arrays (Echelon Biosciences, Salt Lake City, UT) were incubated with 100 ng/ml of each protein 4.1 independent. It is possible that the interaction between protein 4.1 and NuMA may further reinforce the membrane association of NuMA.
Our lipid-binding assays suggest that the membrane-binding domain of NuMA preferentially binds to PIPs, which are signaling molecules that also play important roles during mitosis. It is noteworthy that integrin and phosphoinositide 3-kinase (PI3K) signaling appears to be involved in regulating spindle orientation in human cells . It would be interesting to study whether integrin and PI3K are involved in regulating the membrane association of NuMA.
Down-regulation of CDK and rapid dephosphorylation of the phosphorylated proteins upon metaphase-to-anaphase transition has proven to be a general mechanism for mitotic progression (Roostalu et al., 2010) . We have now identified NuMA as another mitotic protein that undergoes such regulation. We hypothesize that mammalian cells have developed a strategy to modulate cortical pulling forces during mitosis. The membrane binding of NuMA is inhibited by CDK1-mediated phosphorylation of T2041 during prophase and metaphase, such that the cortical targeting of NuMA and dynein can only be achieved through LGN and Gα. Limited cortical NuMA and dynein are sufficient for directing spindle positioning. At anaphase onset, down-regulation of CDK1 and rapid dephosphorylation of T2041 allow NuMA to associate with the plasma membrane by itself and recruit more dynein to produce robust pulling forces for efficient chromosome separation.
MATERIALS AND METHODS
Cell lines and reagents
Cos 7 and MDCK cells were maintained in DMEM (Mediatech, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) and antibiotics at 37°C in a humidified 5% CO 2 atmosphere.
Rabbit anti-LGN antibodies were described previously (Du and Macara, 2004) . Rabbit anti-NuMA antibody was a kind gift from Duane Compton (Dartmouth Medical School, Hanover, NH). The following antibodies were also used: primary, monoclonal anti-GST (Santa Cruz Biotechnology, Santa Cruz, CA), anti-α-tubulin (SigmaAldrich, St. Louis, MO), anti-p150
Glued (Cell Signaling Technology, Danvers, MA), and polyclonal anti-DYNC1H1 (Santa Cruz Biotechnology); secondary, Alexa 488-, 594-, 660-, and 680-conjugated (Invitrogen, Carlsbad, CA) and IRDye800-conjugated (Rockland Immunochemicals, Gilbertsville, PA) goat anti-mouse or rabbit antibodies. Purvalanol A was from Sigma-Aldrich, and ionomycin was from Invitrogen.
Plasmids, cell transfection, and stable cell lines
Human NuMA cDNA was kindly provided by Duane Compton (Dartmouth Medical School) . Compared with NuMA1 (Gene Bank NP_006176), the cDNA we used has a 14-aa deletion between aa 1535 and 1536. Plasmids expressing LGN or NuMA fragments were PCR amplified and cloned in pK-Venus or pK-monomeric red fluorescent protein (mRFP) as previously described (Du and Macara, 2004; Zhu et al., 2011) . To delete the microtubule-binding domain of NuMA, we deleted sequences encoding aa 1925-1933 by PCR, restriction enzyme digestion, and subsequent cloning. The T2041A and T2041E mutant NuMAs were generated using a QuikChange site-directed mutagenesis protocol (Agilent Technologies, Santa Clara, CA). For transient knockdown of endogenous LGN, the coding sequence of neo from pRNAi-neo (Biosettia, San Diego, CA) was replaced with mCherry to generate pRNAi-mCherry. The target sequence against canine LGN was described previously (Zheng et al., 2010) . recombinant protein in PBS containing 0.1% Tween-20 and 3% BSA for 1 h at 25°C. After washing, bound proteins were detected using anti-GST antibodies.
Measurement of relative fluorescence intensity of membrane-bound proteins and cortical proteins
Measurement of the relative fluorescence intensity of membranebound proteins was performed as described (Zheng et al., 2010) . Fluorescence images of transfected cells were taken on the Zeiss 510 LSM confocal microscope using identical microscopic settings. To compare the relative fluorescence intensity of membranebound protein, a 30-pixel line was drawn across the cell border using MetaMorph software (Molecular Devices, Sunnyvale, CA). The Line Scan function of MetaMorph was used to reveal the relative fluorescence intensity across the line. Fluorescence intensities at the cell border and 10 pixels away at the cytosol were referred to as F(membrane) and F(cytosol), respectively. The ratio F(membrane)/F(cytosol) was collected for each group of cells and analyzed.
Measurements of the relative fluorescence intensity of cortical LGN, NuMA, P150 Glued , and DYNC1H1 were performed as described (Zheng et al., 2013) . Briefly, cells were stained by identical procedures, and images were taken with identical microscopic settings. Thirty metaphase or anaphase cells in each group were randomly selected, and the mean fluorescence intensity of cortical LGN, NuMA, or P150Glued was measured using ImageJ software (National Institutes of Health, Bethesda, MD). Standard deviation was calculated, and statistical significance was determined by the Student's t test.
Quantitation of chromosome separation
To quantitate the speed of anaphase chromosome separation, cells expressing H2B-mCherry were imaged using a 60×/NA 1.2 oil-immersion objective on a Nikon TE-2000 inverted microscope. The distance from the center of the mass of separating chromosomes was calculated for each time point using ImageJ.
Live-cell time-lapse analysis
Live-cell time-lapse analyses were performed as described (Du and Macara, 2004) . Cells were grown on Delta T dishes (Bioptechs, Butler, PA) in F10 medium supplemented with 10% FBS and antibiotics. For cells that do not express H2B-mCherry, 2 μg/ml Hoechst 33342 was added to the medium, and the cells were incubated for 5 min. After several washes, the dish was filled with F10 medium and sealed with a 40-mm coverslip. The dish was then placed in a temperature control system (Bioptechs) that maintained a temperature of 37°C. An objective heating control system (Bioptechs) was also applied to keep the temperature of the objective lens. Time-lapse sequences were collected on a Nikon TE2000 microscope using a CFI PLAN FLUOR 40×/NA 1.3 oil-immersion objective, a CoolSnap charge-coupled device camera (Photometrics, Tucson, AZ), and MetaMorph software.
Note added in proof. While this paper was under revision, two papers (Kotak et al., 2013; Seldin et al., 2013) describing CDK1-regulated cortical targeting of NuMA were published.
